Prenatal testosterone (T), but not dihydrotestosterone (DHT), excess disrupts ovarian cyclicity and increases follicular recruitment and persistence. We hypothesized that the disruption in the vascular endothelial growth factor (VEGF) system contributes to the enhancement of follicular recruitment and persistence in prenatal T-treated sheep.
INTRODUCTION
Initiation and maintenance of follicular growth are dependent on the establishment of an extensive microvascular network that allows preferential delivery of gonadotropins [1] . A reduction in thecal vascularity is one of the early events during follicular atresia, at least in some species [2] . The vascular endothelial growth factor (VEGF) is a major regulator of ovarian angiogenesis [3] [4] [5] . Ovarian VEGF production has been demonstrated in many species [6] [7] [8] [9] , supportive of its paracrine action on endothelial cells of the growing follicle. The VEGF family consists of VEGFA, VEGFB, VEGFC, and VEGFD [10] . VEGFA, also known as VEGF, is a potent angiogenic factor [11] , exists in five isoforms [12, 13] and acts through three tyrosine kinase family receptors, namely FLT1 (fms-related tyrosine kinase 1: VEGFR1), KDR (kinase insert domain receptor: VEGFR2/FLK1), and FLT4 (fms-related tyrosine kinase 4: VEGFR3) [14] .
Within the ovarian follicle, the angiogenic process is limited to the theca cell layer, where remarkable changes in vascularization occur with newly formed capillaries penetrating the basal lamina and invading the avascular granulosa cell layer and contributing to corpus luteum formation. However, studies have shown dynamic changes in VEGF and its receptors in granulosa cells throughout follicle development [15] [16] [17] . The finding of the granulosa cell as a major site of VEGF synthesis within the follicle [15] coupled with increased expression of VEGF and its receptors in the dominant follicle [17, 18] suggest a nonangiogenic role for VEGF and for the VEGF system in mediating and/or enhancing the effects of gonadotropins in granulosa cells [18] .
The VEGF system has been implicated in ovarian disorders with disrupted follicular development, such as polycystic ovary syndrome (PCOS) [19] [20] [21] [22] [23] . Women with PCOS have increased levels of circulating VEGF that correlate morphologically with increased vascular flow velocities within the ovarian stromal vasculature [24] . Hyperplastic ovarian stroma with excessive collagen accumulation is also a feature of androgenized femaleto-male transsexuals [25] . Because androgens can drive ovarian angiogenesis [26] and have a proliferative effect on vascular endothelial and smooth muscle cells [27] , changes in ovarian vessel morphology and/or size driven by the hyperandrogenic status of women with PCOS may contribute to the increased vascular flow velocity. Animal models that display ovarian phenotype similar to that of women with PCOS provide a unique resource to help elucidate the initial trigger responsible for morphological changes in vessel development during early ovarian differentiation.
This study tested the hypothesis that disruption in the VEGF system is a contributing factor in enhancing follicular recruitment and persistence in prenatal testosterone (T)-treated sheep. Furthermore, because VEGFA is an angiogenic factor and follicular vascularity plays a role in follicular atresia [3, 6, 10 , 15], we also tested if prenatal T excess disrupts ovarian arterial size. Considering that T is an aromatizable androgen, a subtractive approach of comparing the impact of prenatal T with dihydrotestosterone (DHT), a nonaromatizable androgen, was utilized to distinguish if the impact of prenatal T excess was facilitated via androgenic or estrogenic actions of T.
MATERIALS AND METHODS

Breeding and Prenatal Treatment
Institutional Animal Care and Use Committee of the University of Michigan approved all animal procedures used in this study, which are consistent with the National Research Council's Guide for the Care and Use of Laboratory Animals. Details of prenatal treatments to generate prenatal T-and DHT-treated groups have been described previously [28] [29] [30] . Diets of breeder sheep and lamb were discussed in detail in previous publications [28] [29] [30] .
Prenatal T-and DHT-treated sheep were generated by intramuscular administration of 100 mg of 1.2 mg/kg T propionate (Sigma-Aldrich Corp.) or 100 mg of DHT propionate (Steraloids, Inc.) suspended in cottonseed oil to pregnant ewes twice weekly from Days 30 to 90 of gestation. The doses of T and DHT were chosen to mimic doses used in all our earlier studies [31, 32] to enable relating findings from this study to earlier outcomes. Control breeders ORTEGA ET AL.
were injected with the vehicle for the same duration. Ovaries were collected at five different ages from all three experimental groups: control and prenatal Tand DHT-treated, including Fetal Days 90 and 140, 22 wk of age (prepubertal), 10 mo of age (end of first breeding season), and 21 mo of age (end of second breeding season). Collection of postpubertal ovaries (10-and 21-mo-old) was performed during a presumptive follicular phase after synchronization with prostaglandin F 2a , given twice 11 days apart. Sample size of five to eight was used per treatment group and per developmental time point. The limited number of DHT-treated females born precluded inclusion of a 21-mo-old group in the study. Time points used for arterial morphometry were restricted to Fetal Day 140 and 10 mo of age. Details of euthanasia, ovarian collection, and processing have been published previously [33] . Paraffin-embedded sections from one ovary from each animal were used in this study.
Immunohistochemistry
A basic local alignment search tool was used to test the homology (.90% for all antibodies) between the target peptide of each antibody and the corresponding ovine protein. For testing antibody specificity (Table 1) , sheep ovarian tissue extracts were separated in SDS-PAGE (15% resolving gel for VEGFA and VEGFB and 10% for FLT1, KDR, and FLT4) as previously described [34, 35] . In brief, proteins were transferred onto nitrocellulose membranes, blocked with 2% nonfat milk in 20 mM Tris and 150 mM NaCl containing 0.05% Tween-20 and incubated overnight at 48C with the primary antibodies. The membranes were treated with a goat-anti-mouse immunoglobulin G peroxidase antibody for VEGFA and VEGFB or a goat-anti-rabbit immunoglobulin G peroxidase antibody for FLT1, KDR, and FLT4. A chemiluminescent detection kit was used to visualize immunopositive bands (ECL-Plus; GE-Amersham).
Streptavidin-biotin immunoperoxidase was the method of choice for immunocytochemistry, as described previously [34, 35] . Briefly, after deparaffinization, antigen retrieval was performed in sodium citrate solution in a pressure cooker (FLT1 and FLT4) or a microwave (VEGFA, VEGFB, and KDR). Endogenous peroxidase was blocked with 3% H 2 O 2 in methanol, and nonspecific binding was blocked with 10% (v/v) normal goat serum. Ovarian sections were incubated with the primary antibody for 18 h at 48C followed by incubation with a biotinylated secondary antibody. Streptavidin-peroxidase solution was used as the detection system combined with 3,3 0 -diaminobenzidine. Mayer hematoxylin was used to counterstain the sections. Normalization across series was performed by including serial sections of a nonexperimental set of sheep ovaries with each series.
Image Analysis
For each protein (VEGFA, VEGFB, FLT1, KDR, and FLT4), two sections (the first section selected one-third into the ovary and the second two-thirds into the ovary to avoid reimaging the same follicles) were used. All growing follicles in both sections were analyzed (sample size ranged between 8 and 15 for each follicular class). Follicle classes were distinguished using criteria previously established [36] . Only the first 20 primordial follicles per section that were distinct and showed no overlap with neighboring follicles were studied. Follicles that had any signs of atresia were excluded from the analysis. All the analyzed images covered granulosa cells from antrum to theca. Cortical stromal tissue was analyzed using 10 images of random locations. Details of image analysis have been described earlier [34, 35] . Images were digitized with an Olympus C5060 digital camera mounted on a conventional light microscope (Olympus BH-2; Olympus Co.). The image analysis was performed using the Image Pro-Plus 3.0.1 system (Media Cybernetics) as detailed earlier [34, 35] . The observer was blinded to the treatment groups. Quantitative comparisons across proteins are not possible because immunostaining and image analyses were optimized for each protein.
Ovarian Vessel Morphometry
Arterial ovarian morphometry was carried out in Fetal Day 140 and 10-moold ovaries. Sample size for arterial morphometry for C, T, and DHT groups were six, eight, and five, respectively, for Fetal Day 140 ovaries and six, seven, and six, respectively, for 10 mo. Fetal ovaries were fixed in Bouin fixative, embedded in plastic (Technovit 7100; Kulzer & Co GmBH) and were serially sectioned at 20 lm. Fetal Day 140 (plastic sections) and 10-mo-old (paraffin sections) ovarian sections were stained with hematoxylin/eosin. Depending on individual ovarian size, 5-10 ovarian sections, with a minimum of 60 lm apart,
Relative expression of immunopositive area (%) of VEGFA and VEGFB in fetal ovaries on Days 90 (d90) and 140 (d140) as well as in the ovaries of 10-(10mo) and 21-mo-old (21mo) sheep born from control females. Differences among groups were assessed using analysis of variance followed by the Duncan multiple range test. Different letters denote significant differences in the immunopositive area among different follicle types (P , 0.05); no significant differences were found among different days within a follicle type. VEGFA, vascular endothelial growth factor A; VEGFB, vascular endothelial growth factor B.
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were used for morphometric analysis. Within the ovarian hilum, the five largest arteries per section were studied. Morphometric analysis of each arterial ring segment was performed as follows. All sections were captured under bright field illumination (Leica DMR microscope and Diagnostic Instruments Spot RT camera) using the same magnification and camera settings. The arterial wall thickness and area were determined by tracking the inner and outer walls of the media and adventitia layers using a microscope-based micrometer. Over 300 observations were generated per treatment group and age for each of the three measures. All the morphometric measurements were performed by two individuals who were blinded to the treatment groups.
Statistical Analysis
Statistical analysis was run using SPSS software (version 11.0 for Windows; SPSS Inc.) and involved analysis of variance followed by the Duncan multiple range test or Tukey test. To compare ovarian arterial morphology, differences among groups were assessed using a linear mixed model after natural log (base e) transformation. Results are expressed as mean 6 SEM. P , 0.05 value was considered significant.
RESULTS
Western blot recognition of VEGFA, VEGFB, and their receptor proteins in ovarian homogenate and their immunohistochemical localization in ovarian sections are shown in Figure  1 . Positive bands of appropriate sizes were identified by Western blot analysis for each of the protein studied (Fig. 1,  left) . The VEGFA, VEGFB, FLT1, KDR, and FLT4 antibodies detected a single band at 22, 24, 180, [180] [181] [182] [183] [184] [185] [186] [187] [188] [189] [190] , and 195 kDa, respectively. Specific staining was absent in the absence of the primary antibodies (Fig. 1, negative control) . Immunostaining of VEGF family members and their receptors in antral follicles of control females are shown in Figure 1 (right panel). All the proteins studied showed nonnuclear localization.
VEGFA expression was found in granulosa cells during all stages of follicular development, as well as in theca interna of FIG. 3 . Relative expression of immunopositive area (%) of FLT1, KDR, and FLT4 in fetal ovaries on Days 90 (d90) and 140 (d140) as well as in the ovaries of 10-(10mo) and 21-mo-old (21mo) sheep born from control females. Differences among groups were assessed using analysis of variance followed by the Duncan multiple range test. Different letters denote significant differences in the immunopositive area among different follicle types (P , 0.05); no significant differences were found among different days within a follicle type. FLT1, vascular endothelial growth factor receptor 1 (fms-related tyrosine kinase 1); KDR, vascular endothelial growth factor receptor 2 (kinase insert domain receptor); FLT4, vascular endothelial growth factor receptor 3 (fmsrelated tyrosine kinase 4).
ORTEGA ET AL. SEM. Differences among groups were assessed using analyses of variance followed by Duncan multiple range tests. No significant differences were observed.
Gr, granulosa cells; Theca int., theca interna; Theca ext., theca externa. SEM. Differences among groups were assessed using analyses of variance followed by Duncan multiple range tests. No significant differences were observed.
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Gr, granulosa cells; Theca int., theca interna; Theca ext., theca externa.
ORTEGA ET AL. * C, control females; T, prenatally testosterone-treated females; DHT, prenatally dihydrotestosterone-treated females. P value represents overall ANOVA significance. a,b For each row, values with different superscripts are significantly different; differences among groups were assessed using analyses of variance followed by post hoc Tukey test.
antral follicles. A weak expression of VEGFA was found in the stroma. VEGFA levels were similar from primordial through preantral stage of follicular development, increasing in granulosa cells of antral follicles (P , 0.05). In preantral and antral follicles, granulosa cell VEGFB expression was higher compared to expression in the thecal cells (P , 0.05) (Fig. 2) . Age-dependent changes in VEGFA expression were not evident.
VEGFB was found in granulosa, theca interna and externa, and stromal cells during all stages of follicular development at all ages. VEGFB expression in the granulosa cells increased progressively from primary to antral follicles (P , 0.05) (Fig.  2) . Unlike VEGFA, which was found only in theca interna, VEGFB was expressed in both theca interna and externa. Granulosa cell VEGFB expression was higher relative to expression in the thecal cells (P , 0.05) in preantral and antral follicles (Fig. 2) . No age-dependent changes in VEGFB expression was evident in any of the compartments studied.
The VEGF receptors (FLT1, KDR, and FLT4) were expressed in the granulosa, theca, and stromal cells during all stages of follicular development. No differences in the levels of FLT1 and KDR expression in granulosa cells were evident across the follicular stages. In contrast, FLT4 increased with follicular differentiation with the highest level seen in the granulosa cells of antral follicles (P , 0.05) (Fig.3) . The expression of FLT1 was higher in granulosa compared to thecal cells (P , 0.05) in preantral and antral follicles (Fig. 3) . In antral follicles, KDR and FLT4 levels were higher in granulosa cells relative to theca interna, which in turn was higher than levels seen in the theca externa (P , 0.05) (Fig. 3) . No differences in level of expression were evident across different ages in any of these proteins. None of the members of VEGF family or their receptors were altered by prenatal T or DHT treatments in granulosa, theca, or stromal cells at any age studied (Tables 2 and 3) .
Images with arterial tracing and arterial ovarian morphometry results at Fetal Day 140 and 10-mo-old are summarized in Figure 4 and Table 4 . At Day 140, ANOVA revealed significant differences in artery area (P ¼ 0.04), wall thickness (P ¼ 0.014), and wall area (P ¼ 0.02) between groups. All three variables were significantly larger in T-and DHT-treated females compared to controls (Table 4 ; representative images are shown in Fig. 4 , and cumulative area is shown in Fig. 5 , left panel). At 10 mo of age, arterial area and wall area were numerically higher in both T-and DHT-treated groups, but were not statistically different from controls (Table 4 and 
DISCUSSION
The present study demonstrates that 1) VEGFA, VEGFB, and their receptors are expressed in ovine follicles across the reproductive life span, 2) there are distinct differences in the expression and localization patterns of VEGF system across follicular stages and layers, 3) prenatal T or DHT treatment had no effect on the expression of any of the proteins in any of the ovarian components, and 4) prenatal T-and DHT-treatment increased the size of the arteries localized in the medullary region of fetal ovaries but not adult ovaries.
The angiogenic system is involved in the functional changes that occur during follicular development [37] . The finding that VEGFA protein expression was higher in granulosa cells of antral follicles is supportive of granulosa cells being the major site of VEGFA production within the follicle [15] . Findings from this study are consistent with earlier findings of weak VEGFA mRNA expression during early follicular development and enhanced during dominant follicle development in other domestic species [7, 17] and rodents [38] . In primates, VEGFA mRNA expression was found to be absent in primordial, primary, and early secondary follicles, becoming first detectable in theca and granulosa layers of secondary follicles [39] , when the follicle starts to develop its own vasculature. In contrast with our findings, Redmer et al. [40] found that VEGFA protein was localized exclusively in the theca layer of ovine preovulatory follicles and that the granulosa layer was devoid of VEGF protein expression. Differences in the expression patterns between studies could be related to sensitivity of the method utilized or specificity of the antibodies toward the various VEGF isoforms. The antibody used in the present study likely recognizes the most common isoform of VEGFA in the ovary, VEGFA165 [41] . Similar to other growth factors [18, 42] , VEGFA and VEGFB expression increased in parallel with follicular development. Differential increases in granulosa cell VEGF/VEGF receptor expression during follicle selection [43, 44] may therefore act in combination with FSH to enhance cell proliferation, thus promoting the continuous growth of the dominant follicle.
In contrast to the increasing number of reports suggesting proangiogenic activity of VEGFA in vascular development during folliculogenesis, little is known about the functional role of VEGFB in the ovary. VEGFB expression in granulosa cells increased progressively across follicular stages from primary to antral, with the highest level seen in antral follicles, similar to findings in mares [45] . VEGFB mRNA in human granulosa cells appears to be regulated in an isotype-specific manner, suggesting that VEGFB may play different roles during the vascularization of the human ovarian follicle and corpus luteum [46] .
Changes in VEGF receptors were found to be not as dynamic as changes in the ligand, suggesting that regulation for the most part occurs at the ligand rather than the receptor level. Barring FLT4, which increased with follicular differentiation with highest level seen in the granulosa of antral follicles, FLT1 and KDR remained stable across follicular stages in the granulosa, theca, and stromal cell compartments, although expression was higher in the granulosa than theca cell layer of preantral and antral follicles. Functionally, the relative binding capability of VEGFA or VEGFB to FLT4 is unclear, although heterodimerization between FLT1 and KDR, as well as between KDR and FLT4, has been reported and might modulate the activation process [47] . Recent studies in humans indicated that soluble variants of these receptors exist in circulation and are able to bind various VEGF isoforms [48] [49] [50] [51] . These variants may bind circulating VEGF and limit the amount of free biological active VEGF available to act at the membrane receptor level [47] .
Failure of prenatal T and DHT treatment to alter ovarian VEGFA, VEGFB, and VEGF receptor expression suggests that the VEGF system may not contribute toward the development of the disrupted ovarian phenotype of the prenatal T-treated females or that VEGFA and VEGFB may have redundant functions with other isoforms of VEGF [52] . Alternatively, other angiogenic factors may have contributed to the changes in ovarian stromal vasculature of prenatal T-treated females [53] [54] [55] [56] [57] .
The increased size of ovarian arteries of the prenatal Ttreated females, suggestive of a steroid-mediated programming of angiogenic growth, may facilitate increased delivery of endocrine factors to the differentiating ovary, thus contributing indirectly to the development of multifollicular phenotype. The androgenic mediation of this effect was confirmed by a similar increase in prenatal DHT-treated ovarian arteries. Although ORTEGA ET AL. very little is known about the angiogenic process and its regulation in fetal ovaries and specifically in sheep fetal ovaries [58] , androgens are known to induce proliferation of endothelial cells [27] . While these findings support androgenic mediation of angiogenesis in the differentiating ovary [59] , this effect does not appear to be mediated via stimulation of the VEGF system. It needs to be recognized that although DHT was used as a subtractive approach to assess androgenic mediation, the possibility that DHT acts via estrogen receptor 2 upon metabolization into 3-b-diol [60] cannot be eliminated. Similarly, whether the effects of T and DHT are direct or involve other mediators remains to be ascertained. One possibility to consider is that the androgenic effects of T may be secondary to placental compromise [61] and consequent intrauterine growth-retardation [28] . Placental studies carried out with this model show that both prenatal T and DHT induce placental compromise.
From a translational perspective, the increase in size of ovarian vessels of gestational T-treated sheep fetuses points to an ovarian vasculature defect as a potential early compromise contributing to the PCOS-like phenotype seen in these females. In women with PCOS, defects in ovarian stromal vessels are evident, including increased medullar stromal hypervascularity [62] , increased vascular flow velocities [24] , and increased vascularization index [63] . Paradoxically, significant changes in ovarian stromal vasculature were not evident in 10-mo-old postpubertal sheep ovaries. Whether the vascular defects seen in fetal life will emerge later as animals mature and reproductively age is unclear. Furthermore, whether the increased vascularization observed in prenatal T-treated sheep fetuses play a role in the development of the polycystic follicular trait remains to be elucidated. Yet, our findings of early changes in ovarian stromal vasculature of prenatal Ttreated fetal sheep ovaries indicate a potential role for steroids (androgen or estrogen) in early ovarian programming.
